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ABSTRACT.

Thermographic-phasphor (TP) remote temperature sensore were installed on a turbine disk and subjected to
th. -mal and centrifugsi stresses in & spin-pit test. The sensors were placed at three different radii on che disk,
which was run at 660Q, 9330, 11400, snd 13200 rpm at nominal temparatures of ambient, 300°F, 600°F, 900°F,
and 1280°F (149°C, 316°C, 482°C, and 677°C, reapectively).

The paper gives details of the TP temperature-measurement method, phosphor bonding to the disk, calibration,
optical-system design, and electronics instrumentation.

The temperatures measured by the TP sensors were compared with those measured by thermocouples mounted
on the disk. A number of the thermocouples behaved erratically after we operated the disk av 677°C for an
extended period. Neverthelers, for those cases where they could be compared with confidence, the agreament
between the TP sensors and the therinocouples was good,



INTRODUCTION.

This papsr describes the successful application of t iermographic-phosphor (TP) technology to surface-

temperature measurements on a rapidly spinning turbine disk. This experiment was part of a program whose

goal is measuring surface temperatures on first-stage rotor blades and stator vanes in an operating turbine
el

engine.

Thermographic phosphors are materials whose optical-emission properties exhibit a unique functional depea-
dence on their temperature. The phosphor temperature sensitivity is believed to result from thermally activated
nonradiative quenching, accompanied by population redistribution between competing emitting states.? The
temperature dependence of the phosphor emission is manifested both in the characteristic decay time and the
intensities of peaks in the emission spectrum. After appropriate excitation by ultravinlet or higher energy,
either the ratio of two emission-line intensities or the decay time of some selected line can be used to determine
temperature.

Our instrumentation efforts have centered on measuring phosphor decay times as a function of temperature,
Although spectral analysis of the phosphor emission will also yield temperature information,® our limited
investigation into this technique suggests that it is less precise and more susceptible to systematic esror than
decay-time measurements when used on periodically moving systems.

The use of thermally dependent phosphor luminescence as a sensor enables one to make temperature mea-
surements in remote or hostile environments. Further, the use of fast pulse techniques enables one to measure
temperature on rapidly moving frames of reference with precise time resolution.*

The experiment reported here was carried out at a spin-pit facility at the United Technologies Res2arch Center
(UTRC) in Hartford, Connecticut. The UTRC spin-pit measurements are commonly made at speeds of 1200,
6600, 9300, 11400, and 13200 rpm and at temperatures of 149°C, 316°C, 482°C, and 677°C. Our experiment
plan was to instrument these four temperature points at the four faster speads and at three differnt disk radii.
This goal placed a number of new demands on our TP measure™ nt system.

EXPERIMENT DETAILS.
A. Phosphor Selection and Characterisation.

Several of the test points were located in temperature regions that have nct previously been instrumented
using this technique. Consequently, a substantial amount of time was spent inding TPs whose luminescence-
decay times exhibit a functional dependence on temperature in 100°F(56°').wide rugions bracketing each of
the chosen test temperatures. Assuming a simple functional dependence of decay time on tempaerature was
not a sufficient -iterion for this experiment. The value of the decay constant must be short enough that the
phosphor intensity will change a significant amount in the availeble messurement-time aperture. This time
aperture was as 200us at 13200 rpm. The aperture is limited by the fact that we could view only a small portion
of the rotating disk with our optics. The region of uniform optical collection was limited to aprorimately 20°
of arc. Working with materials that exhibit decay times less than the 2U0-us aperture insures the measurement
of at least one full phosphorescent decay time at the highest rotational speeds. Longer decay times can be
measured, but with some loss in accuracy.

Some TPs (including many oxysulfides) that are useful for measuring relatively low temperatures tend to
degrade at higher temperatures. For this experiment, all the TPs must be able o be cycled to vhe highest
temperature, 677°C, without change in the decay time or significant loss of emission invensity. In a simple
screaning test, each candidate TP was kept at 677°C for 24 hours. The temperature was than lowered to a
lavel at which the calibration and sensitivity of the phosphor could be checked, This procedure was repeated
for three or four days. The phosphors subjected to this test were bound to IN-100 inconul-alloy plates using a
binder of choice. Several TP candidates, as wel’ w a number of powible bin.ders, were rejected on the brals of
this test. Table I lists the phosphors used for this experiment, along with their active teinperature range and
the wavelength of the emission maximum. To cover the four temperatures required three TPs, La;04S:Eu
(europium-doped lanthanum oxysulfide) was used to measure the 149°C point, YVO,:Dy (dysprosium-doped
yttrium vanadate) the 316°C point, and Mg« (F)GeOq:Mn (manganese-doped magnesivm fluorogermanate) the
482°C and 677°C points.
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B. UTRC Spin-Pit Configuration.

The basic experiment layout is shown in Figure 1. The spin pit is configured such that the instrumented disk
rotates horisontally in a vacuum chamber. The disk is heated with an inductive rf heater. The lid contains
two optical posts. A 13-cm-diam port is located directly over and paralle] to the disk. The vertical distance
from the port to the disk is 58 cm. A 5.cm-diam port is located over the axis of rotation and is angled such
that the window is normal to the direction of view. Both ports have a clear optical path to a common area
of the disk. The 5-cm port was used to pass excitation light, and the 13-cm port was used to coilect the TP
emission.

A pulsed nitrogun laser with an ultraviolet optical-output wavelength of 337 nm was used to excite the phos-
phors. Because the laser beam has considerable divergence (3 by 7 mrad), focusing optics were used to create
a spot of s l-cm-diam on the disk. A gimbal-mounted mirror was used to select which of the three phospher
radii was irradiated.

The uniformity of collection as a function of position in tne object plane was a primary concern in the design
of the collection optics. Any spatial shading, due either to the optical collection or photomultiplier-tube
(PMT) photocathode nonuniformity, will distort the decay-time data, possibly causing systematic error in the
temperature measurement.

Figure 2 is a series of ray traces showing how the collection optics image the TP emission onto the PMT
photocathode. A 200-mm-focal-length, 100-mm-diam collection lens was used to fiicus the phosphor emission
onto a 25-mm-square field stop with a reductica of approximately 2:1. A 90-mm-focal-length, 60-mm-diam
field lens was used to provide a nearly uniform illumination of the photocathode. Figures 2a and 2b show the
results of a bundle of rays launched on-axis and 2 cm off-axis. As shown in the detector-plane spot diagrams
in Figure 2, the ray pattern impinging on the detector is changed minimally.

A narrow-band interference filter, centered around the appropriate emission line, and a Schott glass long-pass
filter were placed in the plane of the field stop. The Schott filter was necessary to provide a sufficient amount
of rejection cf the excitation light.

Figure 3 is a photograph of tie instrumentation disk. The instrunientation supplied by UTRC consists of
thermocouples, welded directly to the disk, and thin-film strain gauges with thermocouples welded onto the
gauge foil. The locations of the thermocouples thut we used for data analysis are also shown in Figure 3. The
electrical leads for the UTRC instrumentation are connected to slip rings and from there to a computerised
read-out package.

The nine spots on the left side of the disk in Figure 3 are our three TPs that cover the required temperaturs
ranges. Each was applied at three radii to mimic the standard UTRC instrumentation positions, hence the
array of nine TP spots.

Measurement timing originated with a “once-around” trigger provided by an inductive pick-off from the rotor.
This signal was first counted down by a factor of 20 to 28. This digital count-down circuitry was used to reduce
the s 200-Hs frequency of the rotor disk to less than the 10-Hs maximum repetition rate of our nitrogen laser.

The trigger was then delayed with a high-precision low-jitter time-delay unit so that the laser light arrived
at the disk coincident with the desired plhosphor spot. By varying the amount of delay, we could select the
appropriate phosphor for the temperature range being measured. Bocause the laser is spark-gap-initiated, it
has an inherent 200-500 ns of jitter between the trigger time and the fire time. To overcome this, we used a
silicon detector, viewing the reflection off onv of the laser lenses, to trigger the digitiser.

The digitiser is & LeCroy model TR8828b/inm8103A contained in a CAMAC crate. The crate in controlled
by an LSI-11 micro-computer. Data were stored on a Winchester hard disk. An in-house-designed software
package was used to drive the instrumentation and analyse the data. Typically, 100 pulses were averaged to
enhance the signal-to-noise ratio.



CALIBRATION.

Prior to the experimnent, the TPs were applied to the disk and calibration data (decay time vs temperature) were
collected at our own laboratories. A large oven was built for the calibration. An NBS-traceable thermocouple®
was attached to the disk in the region of the test phosphors. The cali.ration procedure was to heat the disk
to & 700°C, then slowly cool the oven at a rate of s 1°F/min (0.6°C/min). We took data every 5°F (3°C) as
the oven cooled, bracketing the measurement points by nearly 50°F(28°C). These calibration data are shown
in Figure 4.

The solid line in Figure 4 is the result of a least-squares exponential fit to the data:
T = Act,

where T is the thermocouple temperature, r is the measured decay time, and A and b are the fitting param-
eters. This expression was used as the calibration function in exponential regions of the calibration curve. In
nonexponential regions, a calibration point was calculated using a linear interpolation between the two adjacent
points. Measurament-precision values were obtained from the calibration data by calculating a sigma value,
using the exponential fit as the expected value, from

a:\Jnili‘:(q.‘)_ EL%’_né_)ﬁ
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where n is the number of elements in the set. A two-sigms error value based on tkis calculation is shown in
Figure 4. These numbers give the precision of the calibration.

DATA ANALYSIS.

Figure 5 shows a typical TP decay curve. Decay times were calculs.ed by doing a linear regression o the
natural logarithm of the data. This calculation is made over a limiiid region of the emission curve. The dotted
line in Figure 5 marks the end of a “dead” time, which is employed to avoid laser-exci. ation artifacts in the
dats. The origin of the spike lies both in scattered laser light and prompt disk-contaminant fluorescencs. After
the dead time, 8 window of predetermined width is used to select the part of the emission curve to be analysed.
The window boundaries are shown in Figure 5 as the two solid lines crossing the data at m 35 and 78 us.
This window starts at 90% of the pulse height present after the desd time and ends at 30%. Decay times are
calculated using the data contained within this window,

Figure 6a is a semilog plot of the data contained within the window shown in Figure 5. Also shown in this
figure is a plot of the calculated curve using the decay time extracted by the Jeast-squares algorithm. Figures
6b, ¢, and d show similar data for the three other temperature ranges that were measured.

As previously stated, a known—and preferably uniform—collection efficiency over the measured region of the
disk is necessary for accurate results. We verified the flatness of the optical field by measuring the phospho-
rescent decay of Mg (F)GeCq:Mn at room tamperature. The TP response was first measured while the disk
was stationary. The decay time of this TP ut room temperature is m 3 ms. The stationary measurement was
divided into measuremnents made at room temperature with the disk rotating. The results of this division are
shown in Figure 7. The three pulses shown in this figure represent data taken at three Zifferent rotational
speeds: 6600, 9300, and 11400 rpm.

Artitacts due to the laser-excitation puise are clearly seen in the left side of Figure 7. At the higher rotational
velocities, (Figure 7, curves b and ), the TP npot passes through the optical-collectinn region before the end
of the 320-us mrasurement time. This is the reason for the rolloff seen in curves b and ¢. Excluding the
high-frequency noise, the excitation region, and the rolloff late in the pulse, these data show that the collection
sfficiency is uniform to within & 8%,

Thera appears to be a slight tilt in the flat-field data. The trend is toward increasing sensitivity late in the field
of view. An increase of approxim.tely 5% is observed across the 320-us window. The effect of the distortion on
the decay time is nearly equa' to the percentage change in the collection efficiency over the duration of one TP
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decay time.The longest decay times that we measure are on the order of 100 us. At this level, the distortion
will result in a 1.5% increase in the measured decay tin:e over the actual decay time. Using the calibration
curves in Figure 4, this translates to less than a +1.5°F(0.8°C) correction in all cases.

Because the magnitude of this correction is small, we did not divide the data by the optical-field measurements.
We were, however, careful to do cur analysis in the flat region of the collecticn-efficiency curve,

RESULTS.

Table I1 shows a comparison of UTRC thermocouple-derived temperature data with the temperatures calculated
from the TP decay-time data. The temperatures calculated from TP decay times and UTRC thermocouples
all agree within 4% at both 6600 and 11400 rpm. The phosphor data were collected from the outer radial
phosphor spct at 16.8 ¢m from the center of disk rotation. Thermocouple readings are taken from a variety of
disk locations from thermocouples mounted directly to the disk surface (TC31, 15.5 cm from disk center) or
on top of thin-film strain gauges (T07 and TCO8, 16.5 cm and 15.2 cm from the disk center, respectively).

The data collected at 6600 rpm were acquired during the early stages of the experiment, while the majority of
disk thermocouples were operating reliably. Later in the experiment, when we required disk operition at an
elevated temperature (677°C) for an extended period, z number of tle disk thermocouples developed anomalous
intermittent temperature readings. The breakdown in thermocouple output consistently resulted in a failure
towards cooler temperature readings. This problem was possibly due to a combination of soft vinyl insulation
over the thermocouple leads, an overheated disk bore, and centrifugal-force loading of the leads. These three
factuis could combine to create secondary junctions in the thermocouple leads, the symptom of which is an
intermittent cold failure of the sensor.® Thereafte:, when thermocouple failure appeared, the thermocouple with
the highest temperature reading was chosen as the most accurate and uzed to compare with the temperatures
calculated from phosphor decay-time data.

The data taken at 6600 rpm (before the onset of thermocouple problemas) established the relationship between
the various UTRC disk-surface and strain-gauge-mounted thermocouples and the TP data. The strain-gauge-
mounted thermocouples (T'CO7 and TCO8) yield temperature values from 2% to 10% lower than the phosphors
and the disk-curface-mounted thermocouples. Thess thermocouples are insulated from the disk surface by
the thin-film strain gauges and are expected to be sligiitly cooler. At 11400 rpm, the disk-surface-mounted
thermocoupla (TC31) failed; however, a combination of good TCO? and TCO8 dxta were obtained and are
tabulated along with TP temperatures. There is good agreement (£3%) batween the TP teinperatures and
TCO7 and TCO8 data.

To investigate the effect of disk rotational speed in more detail, a series of measurements was taken at 6600,
9300, and 11400 rpm at a single spot and at a fixed temperature. These data are tabulated in Table III. The
phosphor data are taken from the outer radial spot 16.8 cm from the disk center) of Mg,(F)GeOq:Mn and
are compared with disk-surface (TC31) and thin-ilm-strain-gauge-mounted (TCO8) thermocouples. Again the
agreement between thermosouple and TP temperatures is good.

In addition to measurements as a function of disk speed and tempe-ature, TP decay-time measurements were
made at three radial positions at fxed rpm (6600) and temperature (s 315°C). The results of these experiments
are given in Table IV. The thin-Glm-strain-gauge-mounted thermocouple TCO8 gave good data throughout this
experiment and is compared with the TP temperatures. The TP data show that temperature does not vary
appreciably, after approximately 10 minutes of operation at speed, in the disk-web region hetween the 14.2-cm
to 16.8-cm radial positions. However, the inner TP spot (radial position = 14.2 ¢cm) was significantly lower in
temperature than TCOS (radial positivn = 15.2 cm) when the experiment was initiated with a cool disk-bore
temperature,



CONCLUSIONS,

We used TP to measure surface temperature on a rapidly spinning turbine disk at the UTRC spin-pit facility.
Ueing the decay time of phosphor materials applied to the turbine disk, surface temperatures were measured
at 149, 316, 482, and 677°C at disk rotational speeds of 6600 and 11400 rpm. Additional measurements were
made at 677°C and 9300 rpm as well as at three radial positions (14.2, 15.5, and 16.8 cm from t.e center of
disk rotation) at 6600 rpm and 316°C.

The temperatures measured with the TP technique agreed to within 4% of the nearest disk-thermocouple
reading in all cases. The maximuin difference between TP and thermocouple temperature readings exceeds
the expected scatter based on the calibration-precision and thermocouple-accuracy measurements. However,
at this point it is unclear whether the differences result from actual variations on the disk surface, the UTRC
thermocouples, or the TP phosphor measurements.
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Table |

Phosphors used in this experiment, the range over which they work as thermometers, and the wavelength
of *he emiscion line that was used.

Phosphor Temperature Emission Range (°C) wavelength (nm)

La;0,S:Eul00 - 260 537

YVO,:Dy290 . 450 §74

Mgi(F)GeOq:Mn450 - 730 656

Table I

Summary of Temperature Data at 6600 and 11400 rpm Thermocouple (TC) versus Thermographic Phosphor
(TP) Data

6600 rpm ''400 rpm

Measured Temperature (°C) Measured Temperature (°C)

TCO07 TCO8 TC31 TP TCO7 TCO8 TP (a) (b) (c) (d) (a) (b) (d) 148 143 153 159 147 - 152 301 302 317 323
329 - 341 461 468 489 491 502 - 517 - 643 664 656 - 648 645

a. Thermocouple mounted on top of thin-flm strain gauge, 18.5 cm from disk ~=nter,

b. Thermocouple mounted on top of thin-film strain gauge, 15.2 cm from disk center.

¢. Thermocouple mounted directly to disk-surface, 15 & cin fiom disk zenter.

d. Phosphor radial position is 16.8 cm from disk center.

Table 111



Measured Temperatures versus Disk Rotational Speed Thermocouple (TC) versus Thermographic Phosphor
(TP) Data

Disk Speed (rpm) Temperature Measured (°C)

TCO08 TC31 TP (a) (b) (c) 6600 640 666 647 9300 643 666 646 11400 648 668 645

a. Thermocouple mounted on top of thin-ilm strain gauge, 15.2 cm from disk center. b. Thermocouple
mounted directly to disk surface, 15.5 cm from disk center. c. Phosphor radial position is 16.8 cm from disk
center.

Table IV

Summary of Radial Temperature Measurements Thermocouple (TC) versus Thermographic Phosphor (TP)
Data (Note a)

Phosphor Radial Position (¢cm) Measured Temperature (°C)

TCO8 TP (b) 14.2 640 (630) 658 (602) 15.5 635 665 16.8 635 662

a. Disk rotational speed is held constant at 6600 rpm. b. Thermocouple mounted on top of thin-film strain
gauge, 15.2 cm from disk center. ¢. Value in parenthesis refers to initial reading with a cool bore.

Figure Captions.

Figure 1. Schematic diagram of the experiment layout at the UTRC spin-pit facility.

Figure 2. Ray-trace and detector-plane spot diagrams of experiment collection optizs.

Figure 3. Photograph of the instrumented turbine disk.

Figure 4. Calibration curves for the four temperature regions covered during the spin-pit experiment. Left to
Right: LazO3S:Eu, YVO,:Dy, and Mg(F)GeOg:Mn (twice).

Figure 5. Reproduced typical TP luminescence-decay curve. The disk was rotating at 6600 rpm and the
temperature was 307°F(153°C).

Figure 6a. Semilog plot of the data contained within the window region of Figure 5. The temperature is 153°C.
Figure 6b. Semilog plot of the data contained within the window region of Figure 5. The temperature is 326°C.
Figure 6¢. Seinilog plot of the data contained within the window region of Figure 5. The temperature is 489°C.
Figure 6d. Semilog plot of the data contained within the window region of Figure 5. The temperature is 677°C.
Figure 7. Flat-field data at three different speeds: 6600, 9300, and 114G0 rpm.



Table I. Phosphors Used in This Experiment, the
Range Over Which They Work as Thermometers, and
the Wavelength of the Emission Line Used.

Temperature Emission
Phosphor Range (°Cj wavelength (nm)
LOS 100 - 260 537
YV 290 - 450 574
MFG 450 - 730 656

Table II. Summary of Temperature Data at 6600 and 11400 rpm. Thermocouple
(TC) Versus Thermogra rhic-Phosphor (TP) Data.

6600 rpm 11400 rpm
Measured Temperature (°C) Measured Temperature (°C)
TC07®  TCo8®  TCsI* TP¢  TCO7®  TCo8® Tp¢
148 143 153 159 147 --- 152
301 302 317 323 329 ces 341
461 468 489 491 502 --- 517
--. 643 664 856 .. 648 645

3 Thermocouple mounted on top of thin-film strain gauge, 16.5 cm from disk center.
bThermoacouple mounted on top of thin-film strain gauge, 15.2 cm from disk center.
¢Thermocouple mounted directly to disk surface, 15.5 cm from disk center.
4Phosphor radial position is 16.8 ¢cm from disk center.

Table III. Measured Temperaturea Versus Disk Rotational
Speed. Thermocouple (TC) versus Thermographic-Phosphor

(TP) Data.
Temperature Measured (°C)
Disk Speed (rpm) TCo08°® TC31b TP*
6600 640 666 647
9300 643 666 846
11400 648 668 645

3Thermocouple mounted on top of thin-film strain gauge,
15.2 ¢m fro=n disk center.

bThermocouple mounted directly to disk surface, 15.5 cm from
disk center.

*Phosphor radial position is 16.8 cm from disk center.




Table IV. Summary of Radial Temperature Measuremeats,
Thermocouple (TC) versus Thermographic-Phosphor (TP)
Data.®

Measured Temperature (°C)

Phosphor Radial Position (¢cm) TC08® TP
14.2 640 (630) 658 (602)
15.5 635 665
©6.8 635 662

3Disk rotational speed is held constant at 6600 rpm.
bThermocoupie mounted on top of thin-film strain gauge, 15.2
cm from disk cent-r.

“Value in parentheses refers to initial reading with a cool bore.
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